The energy dependence of radiographic film can introduce dosimetric errors when evaluating photon beams. The variation of the film response, which is attributed to the changing photon spectrum with depth and field size, has been the subject of numerous publications in recent years. However, these data show large unexplained differences in the magnitude of this variation among independent studies. To try to resolve this inconsistency, this study assesses the dependence of radiographic film response on phantom material and phantom size using film measurements and Monte Carlo calculations. The relative dose measured with film exposed to 6 MV x rays in various phantoms ͑poly-styrene, acrylic, Solid Water, and water; the lateral phantom dimensions vary from 25 to 50 cm square; backscatter thickness varies from 10 to 30 cm͒ is compared with ion chamber measurements in water. Ranges of field size ͑5 ϫ 5 to 40ϫ 40 cm 2 ͒ and depth ͑d max to 20 cm͒ are studied. For similar phantom and beam configurations, Monte Carlo techniques generate photon fluence spectra from which the relative film response is known from an earlier study. Results from film response measurements agree with those derived from Monte Carlo calculations within 3%. For small fields ͑ഛ10ϫ 10 cm 2 ͒ and shallow depths ͑ഛ10 cm͒ the film response variation is small, less than 4%, for all phantoms. However, for larger field sizes and depths, the phantom material and phantom size have a greater influence on the magnitude of the film response. The variation of film response, over the ranges of field sizes and depths studied, is 50% in polystyrene compared with 30% in water. Film responses in Solid Water and water phantoms are similar; acrylic is between water and polystyrene. In polystyrene the variation of film response for a 50 cm square phantom is nearly twice that observed in a 25 cm square phantom. This study shows that differences in the configuration of the phantoms used for film dosimetry can explain much of the inconsistency for film response reported in the literature.
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I. INTRODUCTION
Renewed interest in radiographic film dosimetry in the past several years has been driven by the need to verify the absorbed dose delivered with intensity modulated radiotherapy ͑IMRT͒, where both detector resolution and speed of twodimensional data acquisition are advantages. A disadvantage of radiographic film is its energy dependence, i.e., the enhanced dose sensitivity of film, relative to water, due to photoelectric interactions of low-energy scattered photons with high atomic number materials in the film. Consequently, the film response variation with varying scatter conditions, i.e., field size and depth, has been the subject of numerous publications in recent years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, existing data in the literature concerning the magnitude of this effect are conflicting. For example, Burch et al. 1 observed a 10% increase in optical density ͑OD͒ for a 25ϫ 25 cm 2 field at 15 cm depth compared to that at 5 cm depth for the same delivered dose ͑to water͒, while Sykes et al. 11 report a 4% increase for the same film type, nominal beam energy, field size, and depths. These large discrepancies in the magnitude of the variation of film response with field size and depth are not understood. Some speculate that differences in the spectrum of scattered radiation between two nominally equal beams may be the cause. 11 Others mention measurement uncertainties in film dosimetry and "inconsistencies" in film response at central and penumbral regions. 3 However, these suppositions have not been proven. The correlation of very lowenergy photons, Ͻ0.1 MeV, with the film response 8 and differences in the phantom configuration used by different investigators led us to hypothesize that these discrepancies may be explained by changes in the very low-energy photon spectrum due to the various phantom compositions and phantom sizes that were used in their measurements. The aim of this study is to investigate the dependence of film response on phantom material and phantom size. Two separate approaches are used: direct measurements using film dosimetry for phantoms available in our department, and calculations provided by Monte Carlo simulations. The sensitivity of radiographic film response is measured in water, and in three "water-equivalent" phantom materials commonly used for dosimetry measurements in the therapeutic energy range: Solid Water, polystyrene, and acrylic ͑PMMA͒. The sensitivity of radiographic film to phantom size is measured for variations in the lateral dimensions of the phantom outside the field and variations in the backscatter thickness. The film response is also deduced from a previously derived relationship between the Monte Carlo gener-ated photon spectrum and the film response. 8 Further, Monte Carlo simulations allow us to study phantom sizes not available for measurements.
II. MATERIALS AND METHODS

A. Film measurements
Relative dose measurements with film in plastic and water phantoms of various sizes are compared with dose measurements using an ion chamber in water in order to observe the relative film response for different phantom configurations. Radiographic film, Kodak X-Omat V ͑XV͒ film ͑Eastman Kodak, Rochester, NY͒, in Ready Pack form is used. All films in this study are exposed individually to a 6 MV photon beam ͑Varian Clinac 21EX͒ perpendicular to the beam axis at the isocenter ͑SAD= 100 cm͒ in flat, homogeneous phantoms. The phantom materials studied are polystyrene, PMMA, Solid Water ͑SW-457, GAMMEX rmi, Middleton, WI͒, and water. The lateral dimensions of the phantoms vary from 25 to 50 cm square based upon the availability within our department. As a standard, 10 cm phantom material behind the film provides backscatter; however, the effect of additional backscatter, to a total of 30 cm, is also studied. Film calibration is based on known dose to water for a 10 ϫ 10 cm 2 field at a depth of 10 cm. For each phantom configuration, calibration films are individually exposed at intervals of 10 MU or less, up to and beyond the maximum density expected. For each phantom, measurements are obtained for four or five square field sizes ͑5 ϫ 5 to 40ϫ 40 cm 2 ͒, but not exceeding the phantom size, at five depths ͑d max to 20 cm͒ to quantify the film response variation with depth and field size relative to the calibration conditions. The dose ͑to water͒ at the center of the field for all field sizes and depths is maintained at 30 cGy by adjusting the number of monitor units ͑up to 2% round-off error is compensated in the final result͒ using the output factors and tissue-maximum ratios measured with an ion chamber in water during linear accelerator commissioning. For PMMA the measurement depths are scaled according to its electron density relative to water, 1.137 ͑Table I͒. The field sizes are not scaled, nor are the monitor units corrected for excess scatter due to the higher density of PMMA.
14 For polystyrene and Solid Water, the relative electron densities are taken as 1.000.
The above procedures do not take into account the actual mass densities for the plastic phantoms used here ͑Table I͒. Differences in the relative electron densities used for scaling with those derived from measured mass densities for the actual phantoms used in this study introduce film doseresponse errors of up to ±0.6%, at d max and 20 cm depths, when the film responses are normalized to the response at 10 cm depth. Also, relative film response presented in this study is calculated using relative dose in water, whereas some phantoms are plastic. However, relative output measurements with an ion chamber in polystyrene and Solid Water agree with those in water within 0.5% when using the measured electron densities for depth correction; the same is true for PMMA after correcting for excess scatter. Thus, the combined error in measured film response in plastic phantoms from these sources should not exceed ϳ1%. Without corrections, the measured film response is low at 20 cm and high at d max . Obviously, these errors are not present for the water phantoms.
For measurements in water, the Ready Pack film is supported at its edges by a thin frame ͑3 cm wide, 0.6 cm thick͒ on four legs ͑10 cm height, 2 cm diameter͒, all made of PMMA. The walls of the water tanks are made of 0.5-0.8 cm thick PMMA and are included in the water tank dimensions. This small amount of PMMA is assumed to negligibly perturb the film response in water. The same is assumed for the couch, treatment machine, walls and floor, and other objects in the room for all phantom configurations. The ready-pack films are used directly without additional water protection. For the 30 cm square water phantom, films are cut in half and resealed with water-resistant opaque tape. The air is pressed out of the film jackets through a pinhole, and the films are resealed. A single box of 50 films is used for each set of phantom measurements. All films are processed under the same conditions using an automatic film processor ͑Kodak RP X-Omat, model M6B͒ that has proved to be very stable. Each film ͑field size permitting͒ is flashed along an unirradiated edge with a sensitometer just before processing to monitor manufacturing variations among films within the same batch. Additionally, multiple control films are exposed at the same field size and depth and interspersed among the study films to monitor potential, slowly varying, processor-induced changes. Sensitometry and control-film densities are compared after processing. The films are digitized with a Vidar VXR-16 Dosimetry Pro scanner ͑Vidar Systems, Herndon, VA͒, using a commercial software package ͑RIT113; Radiological Imaging Technology, Colorado Springs, CO͒. Inhouse software is used to convert film density to dose based upon the calibration curve for a 10ϫ 10 cm 2 field at 10 cm depth and to sample the average dose in a 2 ϫ 2 cm 2 area at the center of each field. For each phantom, measurements are repeated on different dates ͑including the full calibration curve as described earlier͒ in order to reduce the measurement uncertainty.
B. Monte Carlo calculations
Monte Carlo calculations simulate the film response for comparison with measurements in plastic and water phantoms. Once the Monte Carlo ͑MC͒ model is validated for the available phantoms, simulations are used to round out the data provided by the measurements. In a separate study, it has been shown that the dose-response variation for Kodak XV and EDR2 films inside a polystyrene phantom can be predicted from the photon spectrum at the point of interest. 8 Specifically, the fraction of photons in the spectrum with energy below 0.1 MeV as calculated by MC methods for a 50 cm square polystyrene phantom was shown to be correlated with the measured film response in a 50 cm square polystyrene phantom, independently of the field size and depth, for a wide range of field size and depth, while less correlation was observed for higher energies in the spectra, e.g., 0.1-0.2 MeV photons. The measured dose response was plotted as a function of the "scatter"-to-"primary" ratio, defined as the ratio of photon fluence Ͻ0.1 MeV to photon fluence Ͼ0.1 MeV, and polynomial fits to all the points predict the film response to within 2% for both types of film. Assuming that this relationship between the low-energy photon fraction and the film response is also independent of phantom size and composition, it can be used in the present study to calculate the dose-response variation of XV film for different phantom configurations.
The photon spectra are generated using MC simulation. The user code FLURZnrc in EGSnrc ͑Ref. 15͒ simulates the passage of the photon beam in a finite, right cylindrical geometry and samples the fluence in specified regions. The simulation geometry resembles the measurements as closely as possible. The photon beam is modeled as a point source. The incident energy spectrum is obtained from published data for a 6 MV 10ϫ 10 cm 2 field from a Varian Clinac 21EX. 16 The square field and phantom dimensions used for the measurements are approximated by circular dimensions of the same area. The backscatter thickness is 10 cm, unless it is intentionally varied to assess its effect. The scoring region is a cylinder ͑height 1 cm, radius 1 cm͒ at the isocenter, and the calculations are run with enough histories to achieve less than 1% statistical uncertainty. The energy bin size is 0.1 MeV. The electron and photon kinetic-energy cutoff values are optimized until further reduction has no significant effect on the result, and are 189 and 1 keV, respectively. Rayleigh scattering and atomic relaxations are simulated, and binding effects are taken into account in the sampling of incoherent scattering events. Variance reduction techniques are not used.
The phantoms are defined by their compositions ͑Table I͒ and dimensions. The densities provided by NIST ͑Ref. 13͒ and used for these MC calculations are different from densities for the actual phantoms used in this study, but these differences do not significantly influence the calculated photon spectra. However, the original film response measurements in polystyrene contain the same measurement errors that are described in Sec. II A. These errors are reconstituted in the MC generated film response data for both plastic and water phantoms in this study. Thus, for all the plastic phantoms, the measured and MC generated film response data, normalized at 10 cm, are low at 20 cm depth and high at d max , by about 1%. For the water phantoms, these errors are only present for the MC generated data.
III. RESULTS
A. Depth and field-size dependence of film response
Measurements and MC simulations of the dose-response variation of XV film with depth and field size are presented for 6 MV x rays for six different phantom configurations. Solid lines in Figs. 1͑a͒-1͑f͒ represent measured data on the central axis; MC data are represented by symbols. The film calibration for each phantom is based upon a 10ϫ 10 cm 2 field at 10 cm depth. The apparent dose as measured by the film relative to the dose to water as measured with an ion chamber, normalized to the calibration conditions, has been defined in a previous publication as the film artifact, and this terminology will be used again here. 8 Measurements on different dates reproduce the film artifact with a standard deviation of about 1%. The average values for two measurements are plotted in these figures. The film artifact increases with increasing depth and field size as expected.
The Monte Carlo simulations calculate the photon spectra on the central axis, as the field size, depth, phantom material, and phantom size are varied. For example, in Fig. 2 the lower end of the photon spectrum, up to 1.8 MeV, at 10 cm depth in polystyrene is plotted for two field sizes and two phantom sizes, together with the incident 6 MV spectrum.
The intensities are the fraction of the total photon fluence in 0.1 MeV bins as each ͑full͒ spectrum is normalized to an area of 1.0 under its curve. As explained in Sec. II B, the "scatter"-to-"primary" ratio has been correlated with the measured film artifact in the 50 cm square polystyrene phantom in an earlier publication, 8 the data are shown again in Fig. 1͑a͒ for clarity. The deviations between MC-predicted values and measured film artifact in Fig. 1͑a͒ are, therefore, simply the fluctuation of individual measured values from the fit. Good agreement between MC derived and measured film artifacts in Figs. 1͑b͒-1͑f͒ for the other phantoms validates that this spectral method is independent of phantom configuration as well as field size and depth. Considering all measurement points in the five phantoms, the MC predictedand the measured values generally agree within 2%, with a maximum deviation of 2.8%.
B. Phantom size dependence of film response
The influence of the size of the phantom outside the field and the backscatter thickness on the dose-response variation is presented in Fig. 3 ͑measured data͒, and Fig. 4 ͑measured data and MC derived data͒. Figures 3͑a͒ and 3͑b͒ compare measured film artifacts as the lateral dimensions are varied. Two polystyrene phantoms, 25 and 50 cm square, and two water phantoms, 30 and 50 cm square, are studied. The backscatter thickness is maintained at 10 cm in each case. The data indicate that the magnitude of the film artifact depends on the phantom size. For small field sizes, less than or equal to 10ϫ 10 cm 2 , the scatter component is small, and the film artifact differs by less than 2% between the different size phantoms, even at 15 cm depth. For a larger field, 20 ϫ 20 cm 2 , though still smaller than either phantom, the film artifact increase is more pronounced with phantom size. For the 20ϫ 20 cm 2 field at 20 cm depth the film artifact measured in the 50 cm square polystyrene phantom is twice that measured in the 25 cm square phantom, 16% and 8%, respectively. The corresponding values for 50 and 30 cm square water phantoms are 9% and 7%, respectively.
The influence of varying the backscatter thickness is evaluated for the 50 cm square polystyrene phantom using XV film and an ion chamber. For a large field ͑40 ϫ 40 cm 2 ͒ the increase in the absorbed dose to water at 20 cm depth is less than 1% when measured with an ion chamber as the backscatter thickness of polystyrene is increased from 10 to 30 cm ͑100 cm SAD͒. The dose measured with film increases by 5% and 6% for 20 and 30 cm of polystyrene behind the film, respectively, relative to 10 cm of polystyrene backup ͑Fig. 4͒. MC predicts increases of 6% and 7%, respectively, for this geometry. For a small field ͑10 ϫ 10 cm 2 ͒, the ion chamber reading is not measurably affected by increasing the backscatter thickness beyond 10 cm, and the increase in the dose measured with film is only 1% with 20 cm backscatter thickness compared with 10 cm.
C. Phantom material dependence of film response
The influence of phantom material on the dose-response variation is compared in Figs. 5 and 6 ͑measured data͒, and Fig. 7 ͑MC derived data͒. The measured dependence of film response on the phantom material for similar size phantoms is shown in Figs. 5͑a͒-5͑c͒ . Figure 5͑a͒ compares polystyrene and water phantoms, each 50 cm square in lateral dimensions. There are pronounced differences between polystyrene and water as the field size and depth increase. The maximum film artifact is 42% for polystyrene compared with 25% for water for a 40ϫ 40 cm 2 field and 20 cm depth. The film artifacts in 30 cm square Solid Water and water phantoms, shown in Fig. 5͑b͒ , indicate that the variation is somewhat less for Solid Water. The film artifacts in 25 cm square polystyrene and PMMA phantoms are similar to each other. The higher electron concentration of PMMA, 1.137 relative to polystyrene, 14 was accounted for in the depth dimension only. Figure 6 compares two common phantom configurations, the 25 cm square polystyrene phantom, and the 30 cm square Solid Water phantom. Even though the Solid Water phantom is larger, it imposes a smaller film response variation, 8% vs 12%, than the polystyrene phantom.
The good overall agreement between MC predicted and measured data allows us to simulate situations for which we do not have measurements. As differences in the film response are more evident in large phantoms, MC is used to compare the response in 50 cm square phantoms made of polystyrene, PMMA, Solid Water, and water. A comparison between these four materials ͑Fig. 7͒ shows that the film artifact in a Solid Water or water phantom is less than in a phantom made of polystyrene or PMMA. The film response variation in Solid Water is slightly less than that in water, which is consistent with Fig. 5͑b͒ . The film response in PMMA ͑depths scaled͒ is between water and polystyrene.
IV. DISCUSSION
Commercially available plastic phantom materials for use in megavoltage dosimetry are often professed to be water equivalent. Strictly speaking, water equivalence requires that the dosimeter give the same reading in the solid phantom as in water. Often this term is applied loosely to measurements in high-energy beams with ion chambers due to the overwhelming predominance of Compton interactions in these low-Z materials. In practice, the qualifying assumptions and corrections, which underlie this relationship, can usually be ignored in relative dose measurements with typical ion chambers. However, if the detector material is not low-Z, as for silver halide radiographic film, then not only will the detector response be influenced by its atomic number, but the claim of water equivalence for the phantom may not be accurate, even for relative dose measurements. The results presented here confirm that the film response relative to dose to water varies as the field size and depth varies, attributable to changes in the low-energy scatter fluence ͑Ͻ0.5 MeV͒. 1, 9, 17 More recently, the film response has been specifically correlated with the very low-energy scattered photon fluence fraction ͑Ͻ0.1 MeV͒. 8 Consequently, conditions which affect the multiple-scattered fluence are suspect as an explanation for the large discrepancies in the magnitude of the film response variation with field size and depth among various studies. This leads us to challenge the water equivalence of plastic phantoms for relative film dosimetry, which ͑except for depth scaling͒ is customarily taken for granted. Clearly, increased field size and depth generates more scattered photons, and subsequently, a greater build-up of multiply scattered photons. At the same time, increased depth removes higher energy primary photons due to attenuation. Both these processes increase the low-energy photon fluence fraction to which the film is sensitive. The volume of phantom lateral to the field edge sees scattered photons from the irradiated portion of the phantom as well as head scatter and collimator leakage, and in turn, scatters and multiply scatters photons back into the field. The volume of backscattering phantom similarly sends scattered photons back upstream to the point of measurement. Thus, increasing either the phantom dimensions lateral to the field edges or the thickness of backscattering phantom also increases the multiply scattered fluence in the phantom.
Variation of film response with phantom material can be explained by differences in the mass energy-absorption coefficients in these materials for the very low-energy photons to which the film is supersensitive. Ratios of mass energyabsorption coefficients, for film and the plastic materials to water are plotted as a function of energy in Fig. 8 . The ratio for Solid Water is close to unity for the entire energy range, only slightly higher below approximately 0.1 MeV. For polystyrene and PMMA, on the other hand, the ratio below 0.1 MeV is less than unity. Therefore, water absorbs more lowenergy photons than either polystyrene or PMMA and slightly less than Solid Water. The clue to this variation is provided by the composition of these plastics given in Table  I and the mass energy-absorption coefficients for the individual elements ͑Fig. 9͒. Polystyrene is composed entirely of hydrogen and carbon, while PMMA is additionally 32% oxygen by weight. Water is 89% oxygen. Apparently, the carbon in plastics absorbs less of the low-energy photons than the oxygen in water. Furthermore, the small calcium content ͑2.3%͒ of Solid Water is sufficient to overcome its oxygen deficit relative to water.
PMMA is expected to be more water equivalent than polystyrene due to its oxygen component. However, measurements and simulations in the two materials show relatively small differences between the two plastics ͓Figs. 5͑c͒ and 7͔. The reason is probably the higher electron density for PMMA, about 1.14 relative to water. Typically, as is done here, the higher density is compensated during measurements, by scaling the thickness of the PMMA phantom based upon the electron concentration relative to water. However, the higher density PMMA also effectively increases the phantom dimensions laterally and downstream, producing excess scatter.
Thus, each of the plastic phantoms studied, Solid Water, polystyrene, or PMMA, behaves differently from the others and from water when applied to film dosimetry, although Solid Water is very close to water. Therefore, differences in the experimental phantom configurations in previously published studies are likely to explain much of the discrepancies among their results. Unfortunately, details of the phantom are often not presented as they are considered unimportant. A comparison of published data reveals that the depth and field size dependence is small for small field sizes and depths, regardless of phantom size and phantom material. [1] [2] [3] [4] [5] 7, [10] [11] [12] 18, 19 2 field, Sykes and Burch observed the depth dependence to be 4% and 10%, respectively, when going from 5 to 15 cm. This discrepancy is consistent with MC simulations that we performed for the two phantoms in a 6 MV beam, which give predicted change in measured dose of 6% for a 30 cm square Solid Water phantom and 11% for a 42 cm square polystyrene phantom. Some investigators keep the total phantom thickness constant as the depth to the film varies, implying that the backscatter thickness is reduced as the depth increases. 1, 4, 5, 10 This reduces the measured range of response, compared with a constant backscatter thickness. The variation with backscatter thickness is less for smaller field sizes as less backscatter is generated.
EDR2 film has a smaller film response variation, about 2 / 3 of that for XV film, based on data for a polystyrene phantom that was presented previously. 8 We expect this to be true for all the phantoms studied here.
Other "water-equivalent"-type phantoms are commercially available, though not included in this study. Their influence on radiographic film response can be estimated by comparing their compositions 20 with those in Table I . Virtual Water ͑MEDTEC, Orange City, IA͒ and Solid Water are close in composition and should behave similarly. Plastic Water ͑Cardinal Health, Dublin, OH͒, which contains significantly more calcium and chlorine than water and any of the plastic phantoms tested here, should absorb more low-energy photons, and therefore, have the lowest film response variation.
Fortunately, as for field size and depth dependencies, phantom size and phantom material dependencies can usually be ignored in low scatter situations, i.e., for small fields ͑ഛ10ϫ 10 cm 2 ͒ and shallow depths ͑Ͻ10 cm͒. Particularly in high scatter situations, Solid Water is preferable to polystyrene and PMMA; however, water equivalence is not the goal in film dosimetry; dose to water is the goal. Although the film response artifact is somewhat less in Solid Water and liquid water phantoms, it is still a significant problem when a large scatter component is present. The use of scatter correction solutions or thin lead foils to absorb the low-energy scatter should be considered in any of these phantoms. 1, 8, 21, 22 This is particularly critical when the photon spectrum is varying relative to the calibration field, as within individual IMRT fields, mainly due to variations in the primary intensity.
V. CONCLUSIONS
It is well known that high-Z radiographic film is supersensitive to low-energy photons, and thus the film response increases at lower energy and at larger field size and depth. This study shows that the film response also depends upon the phantom material and the phantom size. The reason for this is twofold: ͑1͒ the production of low-energy ͑Ͻ0.1 MeV͒, multiply scattered photons increases as the scatter volume increases with both the backscatter thickness and the lateral dimensions of the phantom beyond the field size; and ͑2͒ low-energy photon absorption decreases in polystyrene and PMMA relative to Solid Water and water due to their elemental composition. This importance of phantom configuration may explain much of the discrepancy in the literature over the magnitude of radiographic film sensitivity variations with field size and depth, considering that adequate attention to the details of the phantom is often not provided in published data.
